We show that the electrical transport across a minimal model for a time-reversal symmetry(TRS) breaking Weyl semi-metal (WSM) involving two Weyl nodes can be interpreted as a Fabry-Pérot type interferometer in momentum space. The interference phase depends on the distance between the Weyl nodes ( δk) and is anisotropic. It is further shown that a minimal inversion symmetry broken model for a WSM with four Weyl nodes effectively mimics a situation corresponding to having two copies of Fabry-Pérot type interferometer due to the presence of an orbital pseudo-spin domain wall in momentum space. We point out that the value of the δk and consequently the interference phase can be tuned by driving the WSMs resulting in oscillations in the two terminal conductance measured in the direction of splitting of the Weyl nodes.
I. INTRODUCTION
Although Weyl semi metals [1] [2] [3] [4] [5] [6] have often been advertised as the three dimensional analogues of graphene [7] , the physics of the chiral anomaly [8] sets them apart. In the WSM, the excitations at the nodes -the points where the conduction and valence band touch -are chiral, which means that their spins are fixed either along or opposite to their direction of motion. This is different from graphene where the excitations at the nodes -the K and K points -have excitations of both chiralities. In the WSM, the chiral nodes also form a pathway through the bulk for unusual surface states which form disjointed Fermi arcs [2] . The direct evidence [9] [10] [11] [12] [13] [14] for these Fermi arcs have led to many more theoretical proposals in the last couple of years in this field.
The effect of periodic driving or irradiation of condensed matter systems giving rise to new topological phases in Dirac materials, is another direction of research which has been pursued vigorously in the last few years. In particular, the physics of inter-nodal Andreev reflection was studied recently [22] where, a geometry with a WSM sandwiched between s-wave superconductors was studied. It was shown that the Josephson current oscillates and undergoes zero-pi transitions as a function of the internodal distance which could be tuned by shining light on the material [33] . More recently, this physics was also probed in a study of transport through a WSM quantum dot sandwiched between a normal metal and a superconductor and the interplay between Klein tunneling and the chirality induced effects were highlighted [35] .
Unlike the previously studied geometries involving superconductors, here we study the low energy transport of a Weyl semimetal sandwiched between two normal leads to obtain a clear physical understanding of the mysterious looking oscillations in superconductor-normal hybrid junctions studied [22, 33, 35] . We note that the reflection that takes place at the edges of the sample can be interpreted in terms of a beam splitter in momentum space which leads to similar oscillations in the normal current as a function of k 0 L, where 2k 0 is the distance between the two Weyl nodes in momentum space and L is the length of the sample. Here, the spin texture and the chirality of the excitations play a crucial role. As in the previous cases, the oscillations are highly anisotropic with the maximum amplitude seen in the current measured along the same direction as the separation of the Weyl nodes and vanishing in the direction perpendicular to the separation of the nodes.
There have been several experimental and theoretical studies [36] [37] [38] [39] [40] of spin textures in topological insulators (TIs) [41, 42] and in other Dirac materials [43] . However, much less attention has been paid to the study of the emergent pseudo-spin or orbital degree of freedom that appears in many of these materials. A notable exception is the work by Roy et al [44, 45] , which showed that the surface states of three dimensional topological insulators are ferromagnetic in terms of this orbital pseudo spin. They also showed that as a physical consequence, tunneling between two surfaces can be suppressed by a mismatch of the orbital pseudo spin even when the other physical degrees of freedom allow tunneling.
For a time-reversal symmetry breaking WSM whose minimal model has just two Weyl nodes, the identification of the scale δk with 2k 0 is obvious, but for a timereversal invariant, inversion symmetry broken WSM, the minimal model has four Weyl nodes. Hence, naively the identification of δk is not obvious. However, we shall see that analogous to the behaviour in topological insulators, orbital pseudo spin conservation comes to the rescue. Unlike the spin whose polarization is tied to the direction of motion of the quasi-particle, the polarization of the orbital pseudo-spin turns out to be independent of the momentum in the inversion symmetry broken WSM. Hence, conservation of pseudo spin, allows for scattering only between a single pair of Weyl nodes, and we show that we get δkL oscillations for an appropriate δk even for inversion symmetry broken WSMs.
The paper is divided into several sections. In section II, we introduce the TRS broken WSM model and we calculate the current as a function of the internodal distance in the NWN geometry for a fixed chemical potential dif- ference across the sample. We demonstrate the periodic oscillations and provide the mechanism behind the same.
In section III, we repeat the same process for an inversion symmetry broken WSM and introduce additional selection rules which dictate the scattering processes as TRS is preserved. Lastly, in section IV, we discuss the robustness of these oscillations and propose experimental setups that could probe into this kind of transport.
II. TIME-REVERSAL BREAKING WSM
In this section, we will study the current through a junction of a TRS breaking WSM of length L between two normal leads.
The WSM is modeled by the standard Hamiltonian for a three dimensional topological insulator in the Bi 2 Se 3 class with a time-reversal perturbation(b z ) added to make it a WSM [15, 16] -
where k = − 2t i cos k i is the kinetic energy, τ represents the orbital (pseudo-spin) degree of freedom, σ represents the spin and λ SO , λ z are the strengths of the spin-orbit coupling. This is a 4 band model where, in the limit where λ z − 6t b z , the two middle bands touch at (0, 0, ±k 0 ) forming a pair of Weyl nodes. Here k 0 is defined via tk 2 0 = b z − + 6t, and the top-most and lower most bands are far from the touching point and can be ignored at low energies. Thus the model reduces to the the two band model studied in detail in Ref. 17 .
To compute the current, we will use the lattice version of this four band model. We choose the chemical potential µ W (measured from the Weyl node) to be sufficiently small, so that the states belonging to the two Weyl nodes are well-separated. Note that our choice of the Weyl nodes along the k z axis implies that the surface states for this model appear on the surfaces perpendicular to the x or y axes. We will compute conductances through the WSM both along the z direction, which is the direction of the separation of the Weyl nodes and along the x direction which is perpendicular to the separation. We will compute it explicitly using the lattice version of Eq.1 using the Green's function technique. The Green's function for the isolated Weyl semimetal is constructed as
The two leads on either side of the WSM are coupled via self-energy terms in the full Green's function. Since the attached leads are expected to have very large bandwidths compared to that of the WSM, these self energies are taken to be constant matrices diagonal in the σ and τ indices. The full Green function is then given by
Here Σ j = −it 2 j πδ σ,σ δ τ,τ witht j being the hopping amplitude from the Weyl semimetal to the j th lead. The current is then obtained as [47] 
and f j is the Fermi function of the j th lead. In Fig.1(a) , we show that the current with fixed bias, when measured along the z direction shows oscillations as a function of k 0 L, whereas no oscillations are seen in the x direction as shown in the inset of Fig.1(a) . It is to be noted here that in the transverse direction, most of the contribution to the current comes from oblique incidence since the dispersion near k y = k z = 0 is gapped. The assumption here is that the leads are sufficiently large in the y and z directions. In order to explain the oscillations, we first compute the spin texture of the low energy bands near the two nodes. Near the Weyl nodes, the low energy two component Hamiltonian can be written as
after a unitary transformation and projection onto the low energy subspace(see Appendix A) of the Hamiltonian in Eq.1 [22] .
) is the kinetic energy, µ W is the chemical potential measured from the Weyl node and m W is the effective mass and we have chosen the effective spinσ = −σ, in terms of the spin of the original Hamiltonian. Note that the orbital pseudo spin is no longer a good quantum number in this effective model. Also note that this model, when projected to the low energy subspace, breaks inversion symmetry [34] . In the lattice model, we have computed the spin textures of the lower (filled) band of the two middle bands of the 4 band model and as can be seen in Fig.1(b) , the spin texture at k = k 0 is not opposite to the spin texture at k = −k 0 . Thus, in terms of the two dimensional low energy reduced subspace, the Hamiltonian for the model is given by
where v x = λ, v y = λ and v z = 2 k 0 /m W ,σ i are the effective two component spins and s = ±1 for the two nodes. We also note that although the spin textures are not opposite, the topological quantum numbers as computed either as the sign of the product of the three velocities (sv x v y v z ) or from the integrated Berry curvature (2πs) around the nodes is clearly opposite for the two nodes.
We can now easily understand the oscillations in k 0 L by using the scattering matrix formalism in the reduced two band model(see Appendix B). We restrict ourselves to small µ W , so that the two Weyl nodes are disconnected at the Fermi energy and obtain the wave-functions by using the scattering matrix formalism. The important point to note is that since in a two band model, spin conservation during the scattering processes at the leads implies that even normal reflection at any interface is inter-nodal [17, 22] , multiple reflections between the two leads can give rise to k 0 L oscillations.
As can be seen from the Fig. 2 , an electron with spin up entering the WSM from the left lead with an energy close to the Fermi energy of the WSM bulk is automatically forced to occupy a forward moving quantum state close to the Weyl node at k = (0, 0, k 0 ) due to the spin texture of the low lying bands. As the electron travels through the bulk, its chirality is preserved. However, at the right junction, it can either leak into the right lead or can backscatter into a quantum state near the other Weyl node at k = (0, 0, −k 0 ) moving to the left. The electron then travels to the left junction and gets reflected back to the original Weyl node, thus performing a closed loop evolution thereby introducing an interferometric phase. It is to be noted that the closed loop actually comprises of evolution both in real space (traversal from one lead to the other with a fixed momentum) and momentum space (scattering from one Weyl node to the other) processes. In higher orders of reflection amplitude, this fundamental loop repeats itself. The final result is a geometric progression in this loop which can be summed over. It can be easily shown that the phase picked up by the electron during one such loop is = 2k 0 L + δµL/v z where δµ is the chemical potential of the bulk WSM. This phase relation becomes equal to 2k 0 L as the chemical potential is tuned closer to the Fermi energy of the WSM bulk. The same structure for the amplitudes is repeated by an electron with down spin but in a time reversed fashion as depicted in Fig. 2 .
It is to be noted here that the interference happens between the dominant unscattered classical path from the left lead to the right and the subleading loops. This can be thought of as a Fabry-Pérot interferometer with one arm being weakly coupled, where the coupling strength is equal to reflection strength. Since the final states of the spin up and spin down sectors are orthogonal to each other, we do not get any interference from these two time reversed partners.
III. TIME-REVERSAL INVARIANT, INVERSION SYMMETRY BROKEN WSM
In this section, we study the same geometry as before, but with the time-reversal symmetry broken WSM replaced by a time-reversal invariant, inversion symmetry broken WSM. A minimal model in this class [27, 33] is given by
where M k = (m+2−cosk x −cosk z ). This model describes a trivial insulator when m > λ. The bulk gap closes at m = λ and two Dirac nodes appear at k = (0, ±π/2, 0). For m < λ, each of the Dirac nodes split into two Weyl nodes along the k y axis, so that the model has four Weyl nodes along the k y axis at k y = ±(π − k 0 ) and k y = ±k 0 where k 0 = sin −1 (m/λ). We now compute the current when the leads are placed at y = −L/2 and y = L/2 -i.e., along the direction of the Weyl nodes in momentum space, and also when the leads are along the x axis, perpendicular to the Weyl nodes. The lead biases are kept fixed at µ L = 0.1λ and µ R = 0. The results for the y and x axes are shown in Figs   3 (a) and its inset. Surprisingly, we find that our results are similar to those found in the time-reversal breaking 2 Weyl node WSM, although here there are four Weyl nodes, and naively, the reflection at each of the junctions with the normal leads can lead to reflection from 2 other possible Weyl nodes, if only spin conservation is taken into account, as can be seen from the spin structures plotted in Fig.3(b) . However, when we taken into account the conservation of pseudo spin (also called orbital spin), this is no longer true.
Just focusing on the k y axis, the Hamiltonian in eq. (6) reduces to h(k y ) = (λsink y + mτ y )σ y = ±(λsink y + mτ y ). (7) We note that the lower conduction band has lower value of energy (λsink y − m) and is thus energetically constrained to have τ y = −1 (+1) when k y > 0 (k y < 0). This is in fact true for any other axis parallel to the k y axis. The pseudospin τ y thus forms a domain wall in momentum space. This argument can be repeated in its entirety for the higher among the two valence bands and we find that τ y is constrained to be equal to −1 when k y > 0 and τ y = +1 when k y < 0. This is exactly the same as the values for the lower conduction band. This prevents τ y from changing even for the two middle bands across the band touching points.
This implies that for the middle two bands in this four band model, only pseudospin preserving scattering processes can occur between the Weyl nodes at k y = π − k 0 and k y = k 0 or between the nodes at k y = −π + k 0 and k y = −k 0 . This explains why there is a single relevant scale k 0 in the scattering at the junctions even though there are multiple momentum scales in the problem (all possible differences between the nodes, or at least two possible momenta, even if we impose spin conservation). This is further demonstrated in Fig. 4 . Here, the value of current along the direction of separation of Weyl nodes is plotted as a function of the length of the system by fixing k 0 . Let us consider an electron with σ y = 1 moving along the k y axis with momentum k y = π −k 0 +δ where δ k 0 . If spin is conserved, this electron can backscatter to two possible quantum states -one at k y = k 0 − δ and the other at k y = −k 0 − δ at a junction. The separation in the BZ of the first state with the incoming electron is equal to π − 2k 0 wheras that of the second state is equal to π.
In Fig. 4 the phase picked up for the chosen set of parameter values is equal to (π − 2k 0 )L ≈ 0.5πL and πL in the other. Hence, for the first process, we expect a periodicity of ≈ 4 sites whereas, and for the second case, we expect the periodicity to be 2 as a function of the length(L). As we vary the length of the system, we find that there is a repeated pattern after the length of the system is varied by 4 sites. This is given by the dashed lines in Fig. 4 . The entire process is repeated by changing the parameters of the Hamiltonian such that (π − 2k 0 )L ≈ 0.4πL. This, as expected, produces a periodicity of ≈ 5 sites as is seen from the continuous line in Fig 4. This conclusively establishes that backscattering is allowed only if pseudospin(τ ) is preserved.
We also note that this explains the earlier results on the oscillations in the Josephson current in the time-reversal breaking inversion symmetry conserved WSM [33] where the oscillations only depended on a single relevant scale k 0 identified as the distance between the nodes either both on the left or both on the right of the k y = 0 axis. A similar selection rule was also noted in the appendix of Ref. [35] . However, the role of the pseudospin conservation was not noted.
Thus, although in principle, the description of the multiple scattering processes in the TR-symmetric, inversion symmetry broken WSM could have been quite different from that of the TR broken WSM due to the presence of additional momentum scales, the selection rule introduced by the preservation of the pseudo-spin degree of freedom(τ ) during scattering processes reduces this setup to be exactly two copies of the previously discussed interferometer.
IV. DISCUSSION
In the numerical results presented in the article, the self-energy terms considered are diagonal in the σ and τ basis. We study the possible effects of off-diagonal self-energy by introducing a minimal perturbation of the diagonal Σ given by Σ = −it 2 j πδ σ,σ ⊗ (δ τ,τ + ατ x ). Here, α is the parameter that scrambles the pseudospin(τ ) inside the leads. As can be seen from fig.(5) , we find that the value of the current as well as the oscillations depend very weakly on α. In fact the same analysis for the TR symmetry broken model exhibit no dependence of the current on the α parameter. Hence, it has not been shown here. We thus conclude that the oscillations are quite robust and do not exactly depend on how precisely the WSM bulk is connected to the leads as well as on the nature of the leads and are a consequence of the chirality of the bulk Weyl nodes.
As far as the relevance of our findings to experimental observations are concerned, it should be noted that there are various theoretical proposals for manipulation of the bulk band structure in a WSM. For us, the parameter of relevance is the separation of the Weyl nodes and one way of changing this is by shining high frequency light which has been explored in Ref. [33] . Another interesting way of doing the same could be by straining the sample [46] . In fact, an important point to note is that our model requires creating junctions of WSM with normal leads which should be much simpler experimentally than creating junctions of WSM with superconductors.
To summarise, we have proposed a setup to explore the nature of chiral nodes in WSM by studying transport through a normal-metal-WSM-normal-metal heterostructure. We have considered the minimal models of both inversion symmetry broken and TR symmetry broken WSM-s. We have identified the oscillations that we observe in each of the cases to be closely related to the preservation of the symmetries of the microscopic models. For the TR broken WSM, spin plays the role of the conserved quantity that leads to selection rules for scattering processes in the boundary. For the inversion symmetry broken WSM, the orbital degree of freedom plays an important role along with the spin. In fact, these selection rules lead to the interferometry that we have explored in the previous sections.
